Background and objectives Calcitriol is used to treat secondary hyperparathyroidism in patients with CKD. Paricalcitol is less calcemic and phosphatemic in preclinical studies and in some trials in dialysis patients, but head-to-head comparisons in nondialysis patients are lacking. A large meta-analysis of trials concluded that these agents did not consistently reduce parathyroid hormone (PTH) and increased the risk of hypercalcemia and hyperphosphatemia. Therefore, the objective of this multicenter trial was to compare the rate of hypercalcemia between calcitriol and paricalcitol, while suppressing PTH 40%-60%.
Introduction
Secondary hyperparathyroidism (SHPT) is common in patients with CKD, and is characterized by a progressive increase in parathyroid hormone (PTH) and growth of the parathyroid glands (1, 2) . A major factor in the development and progression of SHPT is the steady decline in serum calcitriol levels, the active form of vitamin D (1). The incidence and severity of SHPT increases as renal function worsens, with 35% of patients with stage 3 CKD and 70% of patients with stage 4 CKD carrying this diagnosis (1) .
Exogenous administration of vitamin D receptor activators (VDRAs), such as calcitriol or the analogs paricalcitol, doxercalciferol, and alfacalcidol, suppresses PTH levels but can increase serum calcium and phosphorus (3) (4) (5) . Major renal guidelines recommend use of active vitamin D for SHPT in stages 3-4 CKD, but comparison of different VDRAs in this population has been limited (6) (7) (8) .
In addition to activating the vitamin D receptors (VDRs) in the parathyroid gland, calcitriol also activates the VDR in other tissues, including intestine and bone (9) . Administration of calcitriol or its analogs requires regular monitoring of serum calcium and phosphorus levels (9) . Induction of hypercalcemia or hyperphosphatemia can limit the dose of VDRA administered, thereby limiting its efficacy for PTH suppression.
In preclinical studies, at comparable PTH-suppressing doses, paricalcitol causes a significantly smaller increase in serum calcium and phosphorus levels than calcitriol (10, 11) . Crossover trials of these agents in hemodialysis patients have also demonstrated less intestinal calcium absorption and less stimulation of bone resorption with paricalcitol compared with calcitriol (12, 13) . These differences are thought to be the result of less activation of the intestinal and bone VDRs by paricalcitol. Two randomized trials comparing calcitriol with paricalcitol in hemodialysis patients have shown mixed results, with one trial reporting significantly less hypercalcemia and elevation of calcium-phosphate product with paricalcitol despite somewhat superior PTH suppression, whereas a smaller study showed no significant differences between agents (3, 4) .
In three placebo-controlled trials in patients with stages 3-4 CKD with SHPT, paricalcitol suppressed PTH by 42% at 6 months and caused hypercalcemia in 2% versus 0% of patients who received placebo (14) . A small trial of calcitriol using doses of #0.5 mg/d reported that eight of 15 patients with CKD became hypercalcemic at least once during an 8-month treatment period (15) .
Given the limited comparative data in patients with CKD with these agents, we performed a multicenter, open-label randomized trial to compare the incidence of hypercalcemia in patients treated with paricalcitol and calcitriol for SHPT. The clinical goal was to suppress and maintain PTH concentrations at 40%-60% below the mean pretreatment PTH value, and the primary endpoint was the difference in the incidence of hypercalcemia in each arm.
Materials and Methods

Study Design and Oversight
The Paricalcitol and Calcitriol Endpoints study (ClinicalTrials.gov registry number NCT00823303) is an open-label, active comparator, multicenter, parallel group, phase 4 study of paricalcitol versus calcitriol for suppression of PTH in stages 3-4 CKD. The trial was conducted at four sites in the United States and was approved by each institutional review board. The trial design was investigator-initiated and was funded by Abbott, now AbbVie (Abbott Park, IL). Abbott was not involved in the design or conduct of the trial, but was able to review the manuscript before submission. The four trial sites were Washington University in St. Louis (St. Louis, MO), Henry Ford Hospital (Detroit, MI), Northwestern University (Chicago, IL), and the Northshore University Health System (Evanston, IL).
Eligible patients had stages 3-4 CKD and known or suspected SHPT. Inclusion criteria were aged.18 years, a stable dose of phosphate binder (if receiving a binder), eGFR of 15-59 ml/min per 1.73 m 2 using the abbreviated Modification of Diet in Renal Disease equation, PTH.120 pg/ml, albumincorrected calcium.8.5 mg/dl and ,10.0 mg/dl, and phosphorus,4.6 mg/dl. Exclusion criteria were history of primary hyperparathyroidism, prednisone use for .30 days within the previous 6 months, administration of bisphosphonates or calcitonin within the previous 12 months, recent hospitalization, an expected need for dialysis or transplant in the next 6 months, history of renal or other organ transplant, parathyroidectomy, active alcohol or drug abuse, history of noncompliance, pregnancy or unwilling to use reliable birth control, use of a VDRA (calcitriol, doxercalciferol, paricalcitol, alfacalcidol) within 4 weeks of screening, ergocalciferol.50,000 IU/mo within the previous 30 days, cholecalciferol.1000 IU/d within the previous 30 days, or cinacalcet within 4 weeks before screening. Patients were permitted to undergo rescreening at a later time if they failed to meet all inclusion criteria upon initial screening.
Treatments
Patients were initially randomized to a daily capsule containing 1 mg/d paricalcitol or 0.25 mg/d calcitriol. The random sequence was computer generated and site specific without stratification. Sequentially numbered opaque sealed envelopes were provided to each site, with the next available envelope opened after the patient was confirmed to meet all inclusion and exclusion criteria. Patients each had their own PTH target goal of 40%-60% below their baseline PTH measurement. Dose adjustments were based on laboratory results at each visit (weeks 4, 8, 12, and 18). Albumin-corrected calcium (cCa) was calculated as follows: {serum calcium+[(4-serum albumin)30.8]} if albumin was ,4.0 g/dl. The dose was titrated up at any visit if PTH was suppressed ,40% from baseline and cCa was ,10.5 mg/dl. Dose increases were conducted in the following manner: one capsule alternating with two capsules daily, then two capsules daily, then three capsules daily, and then four capsules daily. Maximum possible doses were 4 mg/d paricalcitol or 1 mg/d calcitriol. Dosing was reduced one step if the PTH was suppressed by .60% from baseline; if the patient was already on the initial step of one capsule daily, the dose was reduced to one capsule every other day. If the cCa was $10.5 mg/dl, a confirmatory test was obtained as soon as possible but at least 1 day later; if hypercalcemia was verified, the dose was reduced by one step. Consistent with clinical practice, the use of dietary phosphorus restriction or phosphorus binders were encouraged if hyperphosphatemia (.4.6 mg/dl) developed. Study participation was over a 24-week period with active medication, with a 1-week follow-up.
Endpoints
The primary endpoint was the difference in the percentage of patients in each group developing a confirmed hypercalcemic event ($10.5 mg/dl). The prespecified secondary objectives were to evaluate the differences between treatment groups in changes in serum calcium, incidence of hyperphosphatemia, change in serum phosphorus, change in alkaline phosphatase, percentage of patients achieving .40% PTH suppression, and mean PTH suppression. The primary endpoint was also the primary safety endpoint. Adverse events were also evaluated.
Statistical Analyses
The primary predefined analysis was based on an intentionto-treat analysis, which includes participants who received at least one study treatment and had at least one postbaseline calcium determination. Secondary endpoints were also assessed on an intention-to-treat basis. On the basis of prior published reports, we estimated a 5% rate of hypercalcemia with paricalcitol and a 30% rate with calcitriol (15, 16) . To have a 90% power to detect a difference at the P=0.05 confidence level, 42 patients per group were needed. Assuming a 30% dropout rate over the course of the study, we planned to randomize 110 patients. Data were analyzed using SigmaPlot software (version 11.0; Systat Software, San Jose, CA), and differences were considered significant at the P=0.05 level.
Normally distributed variables are expressed as the mean6SD and were compared using ANOVA. Non-normally distributed variables are expressed as the median with interquartile range (IQR) and were compared using the Mann-Whitney rank sum test. In comparing proportions of outcomes, the Fisher's exact test was used to compare the primary outcome because of the low number of events, and the Pearson's chi-squared test was used for secondary outcomes. The log-rank test was used to compare time to a 40% PTH reduction.
Results
Study Patients
Patient disposition is shown in Figure 1 . A total of 177 patients underwent screening between April 2009 and July 2011. There were 67 screen failures, and 18 patients successfully rescreened into the trial. The most common reasons for screen failures were as follows: PTH too low (34%), phosphorus too high (21%), calcium too low or too high (15%), and GFR too low (13%). A total of 110 patients were randomized: 54 to paricalcitol and 56 to calcitriol. Three patients identified as ineligible before the first follow-up visit were dropped from the trial. Forty-five patients in each group completed the 6-month trial. The reasons for early termination are shown in Figure 1 and did not differ significantly between arms. One death occurred during the screening period, but none occurred after randomization. The primary analyses were performed on 107 patients. Table 1 shows the baseline demographic and clinical characteristics of the patients who underwent randomization. The two groups were well matched with the exception of the baseline PTH level, which was higher in the group receiving calcitriol. Table 2 shows the proportion of patients experiencing confirmed hypercalcemia, which was low in both groups (three receiving paricalcitol and one with calcitriol) and was not significantly different (P=0.36). When analyzed for all episodes of hypercalcemia, including unconfirmed hypercalcemia, the difference remained nonsignificant (seven with paricalcitol and four with calcitriol; P=0.36).
Baseline Characteristics
Primary Outcome
Efficacy
The changes in PTH over time are shown in Figure 2 . PTH suppression in the paricalcitol arm was greater than in the calcitriol arm at each study time point and was significantly greater at 4 and 18 weeks. Overall PTH suppression at 24 weeks was similar in both groups (252%623% with paricalcitol versus 246%621% with calcitriol; P=0.17)
The target PTH goal during treatment was a 40%-60% reduction from each patient's baseline PTH measurement. As shown in Figure 3 ).
Secondary Outcomes
Secondary outcome measures at 24 weeks are shown in Table 2 . Changes in calcium and phosphorus levels over time were similar between the two groups, with increases of ,0.5 mg/dl in each electrolyte (Figure 4 ). Calcium and phosphorus increased significantly in both groups during treatment, but returned to baseline 1 week after drug withdrawal. Compared with the calcitriol arm, there were fewer patients in the paricalcitol arm with phosphorus.4.5 mg/dl at any time during the study (40% versus 52%) and at the end of the trial (17% versus 22%); however, these differences were not statistically significant. Alkaline phosphatase decreased by similar levels in the two groups, with -9.0 U/L (IQR, 222.2, 1.0) with paricalcitol versus 213.0 U/L (IQR, 223.5, 28.0) with calcitriol (P=0.32).
Safety
There were no significant differences in the rates, types, or severity of adverse events between groups (Table 3) . Sixty-five percent of patients experienced at least one adverse event (70% on paricalcitol and 65% on calcitriol). Of these adverse events, only hypercalcemia and hyperphosphatemia were classified by the investigators as likely due to the study medication, and only electrolyte disturbances, upset stomach, constipation, viral syndrome, dry mouth, and rash were considered possibly related to study medications. Of the serious adverse events that occurred, only one in each group was considered possibly related to study drug (constipation in a patient receiving paricalcitol and hypercalcemia in a patient receiving calcitriol) and each associated with hospitalization. The eGFR declined significantly in both groups over 24 weeks, but did not differ significantly between groups at any time point (see Tables 1 and 2) . For all patients, the eGFR was 27.269.2 ml/min per 1.73 m 2 at baseline, 23.969.6 ml/min per 1.73 m 2 at 12 weeks (P,0.001 versus baseline), and 23.369.1 ml/min per 1.73 m 2 at 24 weeks (P,0.001 versus baseline and P=0.01 versus 12 weeks).
At baseline, spot urine Calcium (UCa) measurements were below the limit of detection in most patients. Our results showed that 11% of calcitriol-treated patients had measureable UCa with a median value of 29.6 mg/g creatinine (IQR, 21.7, 40.9) and 21% of paricalcitol-treated patients with a median value of 33.0 mg/g creatinine value (IQR, 19.5, 52.7; between-group difference, P=0.58). At 24 weeks, the proportion of patients with measurable UCa had increased significantly in both groups: 33% of calcitrioltreated patients had a median value of 32.3 mg/g creatinine (IQR, 27.0, 58.9) and 51% of paricalcitol-treated patients had a median value of 54.5 mg/g creatinine (IQR, 37.9, 80.1). Median values were not significantly different between groups at 24 weeks (P=0.22). Urine phosphorus/creatinine values are shown in Tables 1 and 2 and did not change during treatment.
Discussion
This study is the first randomized trial to compare two VDRAs with the endpoint of development of hypercalcemia. The incidence of hypercalcemia was very low and there was no difference between groups. This finding may be Data are expressed as the mean6SD, n (%), or median (interquartile range). cCa, albumin-corrected calcium; PTH, parathyroid hormone. partly explained by the lower starting doses used in this study (1 mg paricalcitol and 0.25 mg calcitriol) compared with other trials, and the avoidance of prolonged oversuppression of PTH (14) (15) (16) . During the 24-week treatment period, the increase in serum calcium and phosphorus as well as the reduction in alkaline phosphatase were similar between the two groups. Thus, using a conservative dosing regimen with dose titration based on change in PTH and calcium, both VDRAs appear to be comparably safe in terms of development of hypercalcemia and hyperphosphatemia. Treatment with vitamin D or VDRAs in stages 3-4 CKD has been controversial. A meta-analysis by Palmer et al. found no differences between calcitriol and newer VDRAs, but also highlighted the limited number of trials comparing these agents in CKD (8) . They also reported that compared with placebo, calcitriol results in an increased risk of hypercalcemia and hyperphosphatemia and did not show a consistent reduction in PTH concentrations (8 The target PTH suppression was 40%-60% below each patient's baseline PTH measurement. Solid symbols are the paricalcitol group, and open symbols are the calcitriol group. All on-treatment results were significantly below baseline PTH in both groups (P,0.05). *P,0.01 (PTH suppression was significantly greater at these times in the paricalcitol group compared with the calcitriol group). Data are expressed as n (%).
cholecalciferol (6, 7) . Several studies have demonstrated that correction of calcidiol deficiency does not resolve the SHPT (17) (18) (19) . Thus, most patients with CKD require VDRA therapy to control hyperparathyroidism. The available VDRAs (calcitriol and paricalcitol) and the prohormone VDRAs (doxercalciferol and alfacalcidol) suppress PTH in a dose-dependent fashion independent of the CKD stage (14, 15, 20, 21) . Studies of calcitriol in the late 1980s enrolled few patients and were designed to increase serum calcium and not specifically to suppress PTH. Nevertheless, calcitriol did significantly decrease PTH (20%-30%), and bone histology tended to improve (15, 16) . In a placebo-controlled trial in stages 3-4 CKD, doxercalciferol significantly suppressed PTH 46% with minimal hypercalcemia (defined as .10.7 mg/dl) and a slight increase in hypercalciuria (20) . A double-blind placebo-controlled trial of paricalcitol suppressed PTH 42%, with hypercalcemia (defined as .10.5 mg/dl) occurring in 2% of patients without an increase in urinary calcium (14) . Thus, current practice has been to use either paricalcitol or doxercalciferol in the belief that better PTH control could be obtained with a decreased risk of hypercalcemia.
In our trial, some differences between agents were noted with regard to their efficacy in lowering PTH. A greater proportion of paricalcitol-treated patients achieved a PTH reduction of at least 40% from baseline compared with calcitriol-treated patients (Figure 3) , at a relatively lower dose of paricalcitol than anticipated. Whereas the ratio of 4:1 is the reported equivalency between paricalcitol and calcitriol (22), we observed a dose ratio equivalency of 3:1, and 2.6:1 by the trial end. Furthermore, suppression of PTH.60% of baseline occurred more frequently in the paricalcitol group.
In clinical practice, patients with high-normal serum calcium concentrations may not undergo dose titration of their VDRA for fear of developing hypercalcemia, thus limiting their ability to achieve optimal control of the SHPT. By contrast, this study called for a forced titration of the VDRA to achieve the target PTH as long as the albumincorrected serum calcium level was ,10.5 mg/dl. Despite this, few hypercalcemic events occurred.
This trial has some limitations. One weakness is the use of albumin-corrected rather than ionized calcium levels, although this was done to mimic routine clinical practice. Another limitation is that the trial could be underpowered to detect differences between agents due to the low rate of hypercalcemia observed. We found a significant decrease in eGFR during treatment in our study. This could reflect progression of CKD, increased production of creatinine without a decrease in true GFR, or both. Agarwal et al.
showed that short-term treatment with paricalcitol in patients with CKD increased serum creatinine and creatinine excretion, but did not alter iothalamate or creatinine clearance (23) . A placebo-controlled trial of paricalcitol for SHPT found similar reductions in eGFR over 24 weeks, suggesting progression of CKD (14) .
Two larger issues are the lack of patient-level outcomes in our trial and other studies, and the potential for harm from the increases in calcium and phosphorus from use of VDRAs. Our data show that the VDRAs increased serum calcium and may increase serum phosphorus and lower eGFR. On the basis of observational and preclinical data, hypotheses have been generated that hyperphosphatemia, hypercalcemia, and calcitriol deficiency contribute to cardiovascular events and deaths in patients with CKD (24) (25) (26) . Use of calcitriol in patients with stages 3-4 CKD is associated with improved survival; paricalcitol was shown in blinded trials to reduce proteinuria, but failed to alter left ventricular remodeling (27) (28) (29) . However, proteinuria and left ventricular remodeling are intermediate outcomes, and no randomized trials have assessed mortality during use of VDRAs. A large body of observational data links hyperphosphatemia to increased cardiovascular events and death, although a recent large study in patients with CKD failed to find this link (6, 24, 30) . No trial to date has determined whether phosphate control in CKD lowers mortality. Because VDRAs increase calcium and phosphorus while treating SHPT, questions remain regarding whether VDRAs have a net positive, negative, or neutral effect on cardiovascular outcomes and death. Large outcomes trials are needed to test these competing hypotheses.
In summary, this study demonstrates that the use of either calcitriol or paricalcitol to suppress PTH by 40%-60% leads to a comparably low incidence of hypercalcemia in patients with stages 3-4 CKD. The important caveat is that dosing should be started with low doses, independent of the initial PTH concentration, and then titrated based on the PTH response.
